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There are many benefits of breast-feeding both for the infant and for the mother. Nursing mothers who
are also taking medications or exposed to environmental hazards may be confronted with a difficult
choice to discontinue nursing or maternal medication or risk potential harm to the infant. Frequently,
these decisions are made without sufficient information or understanding of the factors influencing
exposure. The current review explores two indices of exposure, together with their pharmacokinetic
determinants. Both of the indices include the milk to serum (M/S) concentration ratio for a given drug
and the volume of milk consumed. The first exposure term, EI(Dose), expresses neonatal dose as a
percentage of maternal dose and is inversely related to the maternal systemic clearance. By contrast, the
second exposure term, EI(Conc), expresses infant concentration as a percentage of maternal concentra-
tion and is inversely related to the infant systemic clearance. Issues related to intersubject variation in
M/S (e.g., colostrum vs. mature milk, fore vs. hind milk) and infant clearance (e.g., ontogeny of elimi-
nation pathways, pharmacogenetics) and their role in modulating exposure are also discussed.
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INTRODUCTION

Concern over drug transfer into human milk is the result
of a major trend during the last 40 years to return to breast-
feeding for infant nutrition. In 1992, 52% of infants at 1 week
of age were receiving breast milk in the United States (1,2).
The return to breast-feeding has been motivated principally
by the multiple and unique advantages of human breast milk
(3–5): maternal–infant bonding; lower incidence of infant
morbidity; bactericidal effect of lysoenzyme; presence of im-
munoglobulins and complement; better iron absorption; less
obesity; and lower food allergy incidence. Recently,
Mortensen et al. (6) found a positive association between du-
ration of breast-feeding and intelligence using two different
intelligence tests. There is also evidence of benefit for the
mother with the risk for premenopausal breast cancer re-
duced with lactation and that effect is magnified for women
who had extended periods of breast-feeding (7). In the face of
these beneficial aspects of breast-feeding, the presence of
drugs and other harmful agents has arisen as a significant
negative consideration in the decision to breast-feed (8).
Greater than 90% of women take at least one medication
during the first week following delivery (9,10). Drug utiliza-
tion surveys have indicated that 17% of the mothers who

were still breast-feeding at 4 months had taken at least the
equivalent of one daily dose of one drug. In addition, 5% of
the mothers who continued to breast-feed were receiving
medication for chronic conditions such as asthma, allergy,
hypertension, arthritis, diabetes, and epilepsy or migraine (9).

To facilitate a decision regarding breast-feeding in the
case where the mother is taking medications, several issues
need to be addressed (11–14):

● What is the maternal therapy?
● Is the drug selection therapeutically sound?
● Does it involve acute or chronic therapy?
● What is the consequence of the mother forgoing

therapy?
● Are there alternatives and have these been proven

safe for the neonate?
● What are the risks to the newborn?
● What are the pharmacological/toxicological mecha-

nism(s) of action?
● What is the amount of the dose exposure?
● Is the ability of the newborn to eliminate the drug

impaired?
● Are there any physiological or biochemical reasons to

believe the newborn to be more susceptible to the ef-
fects of the drug?

The goal of this article is to explore the derivation and
use of indices as a tool for assessing infant exposure. Hypo-
thetical and real examples are used to illustrate the impact of
various pharmacokinetic and physiological parameters on
these exposure indices as well as sources of intersubject vari-
ability.
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EXPOSURE INDEX

Systemic Exposure

It is highly likely that all maternally administered drugs
and environmental chemicals will find their way into the
breast-feeding infant (14–19). An exception to this may be
large-molecular-weight compounds (e.g., proteins); however
this principle has not been well tested. In order to establish
the safety or hazard of drugs to the neonate, it is essential to
be able to predict the amount of drug presented to the neo-
nate following chronic administration via milk. As noted be-
low, it is even more crucial to understand the relationship
between this amount of drug presented to the infant and the
concentration of drug at or near the site of action.

Drug exposure for the suckling newborn can be viewed
from several perspectives. The milk to serum (M/S) drug con-
centration ratio is most readily measured and most frequently
reported in the literature. Unfortunately, these studies are
often conducted with a limited number of subjects or with a
limited number of observations (e.g., a single time point). A
more useful assessment would include assaying the milk and
serum concentration following dosing to steady-state or as-
saying the area under the milk and serum concentration fol-
lowing a single dose (16,17). It should be noted that even the
most accurate assessment of M/S does not measure infant
exposure. As will become evident in the subsequent discus-
sion, a high or low value for M/S is meaningless unless put
into the context of other parameters (i.e., maternal dose, ma-
ternal clearance, and so forth). M/S is simply a ratio of drug
concentrations, a distributional property of the forces (diffu-
sion and active transport) governing the flux into and out of
milk. The influence of the physiochemical properties and pro-
tein binding of a drug on its M/S ratio has been examined
(16,20–23).

Another parameter prevalent in the literature is the im-
plication of risk (or safety) based on the dose to which the
suckling neonate is exposed in milk relative to that of the
mother. If this value is less than 10%, there is an implication
of safety. It should be noted that this is an assumption that has
rarely been validated clinically, and the use of such an un-
tested assumption should be approached cautiously. Recent
studies have advocated a more complete study design that
includes measurements of drug concentrations in infant
plasma (24–26) or a surrogate endpoint of effect (27). Only a
limited number of studies have actually measured infant
blood levels because such studies present considerable logis-
tical and ethical problems.

Systemic exposure can be measured or defined in a va-
riety of ways. Exposure can be expressed simply in terms of
the administered dose. However, for most situations, the
pharmacological or toxicological effect of a drug is best cor-
related with systemic concentrations, either as the peak serum
drug concentration (Cmax), the average serum concentration
of drug at steady state (C), or as the area under the serum
concentration vs. time profile (AUC). Under ideal conditions,
the best way to measure neonatal exposure in the suckling
infant is to measure serum concentrations or a suitable
marker of effect or toxicity following a clinical exposure. Un-
fortunately, this approach is usually impractical in a clinical
setting given numerous ethical and logistical issues. Hence, it
is essential to develop surrogate endpoints that may reflect

infant exposure. AUC and C are related to one another and
are dictated by the bioavailability and systemic clearance of a
drug. Cmax is a more complex parameter that may be influ-
enced by the rate of absorption as well as bioavailability and
systemic clearance. To simplify the current analysis, systemic
exposure will be expressed as C.

Neonate Serum Concentration

It is most likely that any untoward effects in the newborn
are the result of concentrations achieved in infant serum. In
its simplest form, the average serum concentration at steady-
state for the infant (Cserum

infant) following any route of adminis-
tration can be described by Eq. (1), which says that Cserum

infant is
a function of the infant’s bioavailability (Finfant), systemic
clearance (Clsystemic

infant ), and dose (Dinfant).

C serum
infant =

F infant

Cl systemic
infant �Dinfant� (1)

This relationship assumes linear pharmacokinetics. As
applied to the exposure of the infant to drugs in milk, the
Dinfant, infant daily dose, is related to the milk concentrations
as in Eq. (2), where Cmilk

maternal is the concentration of drug in
milk and (Vmilk/�) is the volume of milk consumed per nursing
interval. All of the clearance and dosing terms are standard-
ized for body weight; hence, the milk volume term is also
standardized on a body weight basis. In many cases, it may be
more appropriate or useful to express (Vmilk/�) in terms of the
amount of milk consumed per day (e.g., comparison of daily
dose exposures), which would necessitate the equivalent units
for the expression of Clsystemic

infant .

C serum
infant =

F infant

Cl systemic
infant �Cmilk

maternal �Vmilk

� �� (2)

Equation (2) is frequently written in a modified form [Eq.
(3)], which now involves average serum concentration at
steady-state for the mother (Cserum

maternal) and the milk to serum
concentration ratio (M/S).

C serum
infant =

F infant

Cl systemic
infant �Cserum

maternal �M

S � �Vmilk

� �� (3)

Finally, assuming linear pharmacokinetics in the mother,
the C serum

maternal can be broken down into its components, which
include the maternal bioavailability (Fmaternal), systemic
clearance (Clsystemic

maternal), and daily dose (Dmaternal).

C serum
infant =

F infant

Cl systemic
infant �F maternal Dmaternal

Cl systemic
maternal �M

S � �Vmilk

� �� (4)

Equation (4) provides valuable insights to the contribu-
tions of the various factors contributing to serum concentra-
tions in the infant. In order to use these concentration values
to assess risk directly, there is an implicit assumption that the
resulting concentrations in the newborn and infant will pro-
duce the same pharmacodynamic response in the adult. This
presupposes that both the qualitative and quantitative nature
of the pharmacodynamics in the infant is the same as in the
adult. Exposure response relationships in the developing
newborn have not been well studied (28).
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Exposure Index Related to Maternal Dose

Literature reports often contain reference to the percent-
age of maternal dose to which the infant is exposed. Exposure
index with respect to body weight normalized dose, EI(Dose),
is a straightforward computation frequently used to gauge
drug exposure. Equations (1) and (4) can be equated to one
another and rearranged to yield Eq. (5), which presents the
determinants for this assessment of exposure. Determinants
are related to the maternal pharmacokinetics (bioavailability
and systemic clearance) as well as M/S and the milk consump-
tion rate.

EI�Dose� =
Dinfant

Dmaternal =
Fmaternal

CLsystemic
maternal �M

S � �Vmilk

� � (5)

Another useful approach would be to base an exposure index
on the therapeutic dose established in infants. Such an EI
would allow for a comparison of exposure relative to a known
exposure in the population, minimizing the concern about
differences in clearance between infant and mother.

Exposure Index Related to Maternal Concentration

Although much more difficult to measure, an exposure
index based on the percentage of maternal concentrations
achieved EI(Conc) is a better estimate of exposure. Equation
(6) can be derived by rearranging Eq. (3) and presents the
determinants of this exposure index, which are largely a func-
tion of infant pharmacokinetics (bioavailability and systemic
clearance) as well as M/S and the milk consumption rate.

EI�Conc� =
C serum

infant

C serum
maternal =

F infant

Cl systemic
infant �M

S � �Vmilk

� � (6)

Ito and Koren (29) proposed this index for expressing expo-
sure of the infant to drugs in breast milk.

In order to apply EI(Dose) or EI(Conc) to a particular clini-
cal situation, it is important to understand the basic assump-
tions and limitations of these relationships. The relationships
assume steady-state conditions apply for both the mother and
the infant. Clearly, this assumption is an approximation of

chronic drug therapy; however, application of these indices to
other clinical situations would offer some general insights into
exposure. Another assumption is that the pharmacokinetics
of the drug are linear in both the mother and the infant. In
order to estimate EI(Dose), one would need to know estimates
of F and Clsystemic for the mother, whereas EI(Conc) would
require knowledge of these same pharmacokinetic param-
eters in the infant. Estimates of M/S and (Vmilk/�) would also
be required for both exposure indices. It is unlikely that one
would have specific information from a given individual,
hence mean values obtained from the literature would be
used. As pointed out in the discussion below, understanding
the sources of inter- and intrasubject variability will be as
relevant as those mean values. For example, it is unlikely the
pharmacokinetics of a given drug in the lactating woman will
have been reported, let alone pharmacokinetic parameters
for the infant. Moreover, the dynamic changes taking place in
the mother in the days after parturition and the physiologic
changes occurring in the newborn during the first few months
will need to be incorporated into these exposure indices.

General Considerations

It is evident from Eqs. (5) and (6) that the relative value
of infant exposure is proportional to M/S. Table I illustrates
this point using high, intermediate, and low M/S values.
Clearly, those drugs whose M/S is larger (10.0) result in
greater exposure whether assessed on a dose (normalized to
body weight) or concentration basis. To minimize exposure,
one obvious strategy would be to use drugs with low M/S
ratios. However, these ratios alone do not establish risk or
exposure. Other issues may dictate the true exposure for the
infant. Likewise as the milk consumption rate (Vmilk/�) in-
creases, the exposure increases as well. Typically, milk con-
sumption rate is expressed as volume per day; however, it can
be normalized to body weight by dividing by infant weight at
the corresponding time. Figure 1 illustrates the time course of
milk consumption rate as a function of time postpartum. The
use of drugs, including ethanol and smoking, reduces the nor-
mal milk production (30) and hence might affect consumption
rate.

The systemic clearance of the drug in the mother has an

Table I. Hypothetical Exposure Indices [EI(Dose) and EI(Conc)] as a Function of M/S and Maternal and
Infant Systemic Clearances*

Maternal clearance M/S Infant clearance EI(Dose) EI(Conc)

High High 50% Clmaternal 5.6% 11.1%
(20 ml�min−1�kg−1) (10) 5% Clmaternal 5.6% 111%

Intermediate 50% Clmaternal 0.6% 1.1%
(1) 5% Clmaternal 0.6% 11%

Low 50% Clmaternal 0.06% 0.11%
(0.1) 5% Clmaternal 0.06% 1.11%

Low High 50% Clmaternal 556% 1111%
(0.2 ml�min−1�kg−1) (10) 5% Clmaternal 556% 11111%

Intermediate 50% Clmaternal 55.6% 111.1%
(1) 5% Clmaternal 55.6% 1111%

Low 50% Clmaternal 5.6% 11.1%
(0.1) 5% Clmaternal 5.6% 111.1%

EI, exposure index; M/S, milk to serum drug concentration ratio; Cl, clearance.
* Assumes Vmilk/�nursing � 800 ml/day or 0.11 ml�kg−1�min−1 for a 5-kg infant. Fmaternal and Fneonate

assumed to be 1.

Neonatal Exposure to Drugs in Breast Milk 557



inverse relationship to the neonatal exposure as judged by the
EI(Dose) [Eq. (4) and Table I]. The infant dose is determined
by Cmilk

maternal and (Vmilk/�). To achieve the same Cmilk
maternal,

drugs with lower Clsystemic
maternal values require lower doses; hence,

Clsystemic
maternal is inversely related to exposure based on dose. This

would suggest that drugs with a lower maternal systemic
clearance (e.g., due to lower intrinsic clearance or more ex-
tensive protein binding) would inherently produce greater
EI(Dose) values compared with a drug with a higher systemic
clearance and comparable M/S ratios. For any given drug,
EI(Dose) would be higher in the case where the mother’s clear-
ance is compromised due to disease or drug–drug interaction.
EI(Dose) would be lower in the case where the mother’s frac-
tion unbound is increased due to disease or drug–drug inter-
action. It should be recognized that oral bioavailability for
drugs with high systemic clearance is likely to be much
smaller than one. Hence, EI(Dose) estimates presented in
Table I most likely overestimate exposure to the infant.

The systemic clearance of the drug in the infant has no
influence on the neonatal exposure as judged by the EI(Dose)

[Eq. (5) and Table I]; however, it can have a profound effect
on EI(Conc). This would suggest that drugs with a lower neo-
natal systemic clearance would inherently produce greater
EI(Conc) values compared with a drug with a higher systemic
clearance and comparable M/S ratios. For a given drug, if
Clsystemic

infant is diminished in a particular infant (e.g., a premature
infant with poorly developed clearance pathways), then the
resulting exposure is increased. EI(Conc) would be lower in the
case where the infant’s fraction unbound was increased due to
lower binding protein concentration.

Specific Examples

It is clear from Table II that there are a number of drugs
(carbamazepine, erythromycin, flecainide, itraconazole, met-
oclopramide, midazolam, omeprazole, and valproate) for
which exposure [expressed as either EI(Dose) or EI(Conc)] is
low (<5% of maternal). Acebutolol has a high M/S ratio (5.7,
Table II) and a moderately high Clsystemic

maternal resulting in a mod-
est EI(Dose) projection. The Clinfant

systemic of acebutolol in 3- to
12-month-old infants is reported to be more than twice that of
the adult on a body weight basis, resulting in a predicted
EI(Conc) that would be lower than EI(Dose). Flecainide has a
relatively high M/S ratio (2.0); however, both Clsystemic

maternal and
Clsystemic

infant are reported to be high, resulting in relatively low
EI(Dose) and EI(Conc) predictions. Indomethacin and loraze-
pam both have relatively low M/S values. However, Clinfant

systemic

for these drugs in early-term infants have been reported to be
10–20% of adult values and would suggest that serum con-
centrations would approach 20–50% of maternal serum. Zid-
ovudine has a low EI(Dose) prediction of 0.61%, but has a
10-fold higher EI(Conc) (Table II).

Caffeine

Caffeine illustrates several important issues with regard
to exposure indices (Table III). It has a modest M/S ratio and
a modest Clsystemic

maternal resulting in a relatively high EI(Dose). The
clearance mechanism for caffeine is largely CYP1A2, a mem-
ber of the CYP1A subfamily of the cytochrome P450 drug
metabolizing enzymes and this pathway is induced by smok-
ing (31). Hence, EI(Dose) would likely be lower in smokers
compared to nonsmoking mothers (Table III). Interestingly,
caffeine clearance is known to be lower in the later stages of
pregnancy with women at 38 weeks having a systemic clear-
ance of one-third of the nonsmoking adult (32). If this low
Clsystemic

maternal continued postpartum, the predicted EI(Dose) would
be greater than 40%. Fortunately, the clearance of caffeine
appears to return to nonpregnant levels within the first week
postpartum (32).

As noted above and illustrated in Table III, milk produc-
tion (hence, milk consumption) is also lower in smokers com-
pared to nonsmokers, which would also contribute to a lower
EI(Dose). Milk production rate also would have an effect on
EI(Conc) and is the source of the difference between smokers
and nonsmokers in Table III for this parameter. The Clsystemic

infant

in the premature newborn is less than 10% of the adult (33).
This results in infant serum concentrations that would be
close to adult concentrations as indicated by EI(Conc) of 108%
(Table III). Caffeine clearance appears to approach adult lev-
els after the end of the first year of life, and the EI(Conc)

collapses to EI(Dose). As illustrated by caffeine, these expo-
sure indices are sensitive to intersubject variability and can
differ from mother to mother (e.g., variation due to smoking)

Fig. 1. Milk consumption (panel a), infant weight (panel b), and nor-
malized milk production (panel c) as a function of infant age. Milk
consumption values obtained from (126,136–138). Body weight val-
ues obtained from the CDC growth table for boys, http://www.cdc.
gov/nchs/about/major/nhanes/growthcharts/charts. htm#Set%201.
Data for panel c is generated from panels a and b.
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and from infant to infant (e.g., ontogeny of clearance path-
way).

FACTORS INFLUENCING EXPOSURE

Nursing vs. Dosing Interval

Acute Dosing

Following a single-dose administration, the timing of
dose administration relative to nursing schedule can be ma-
nipulated to a limited extent. For a drug with a short half-life,
the nursing mother could take the medication immediately

following breast-feeding and then feed the infant on demand.
For a drug with a longer half life, breast-feeding may be in-
terrupted for a short period of time, allowing for peak ma-
ternal levels to have occurred. At the extreme, breastfeeding
could be suspended for a day without a major disruption in
the breast-feeding pattern provided that the mother uses a
breast pump to maintain normal milk production.

Chronic Dosing

A more significant exposure is likely to occur when the
mother is undergoing chronic therapy. In this situation, the

Table III. Theoretical Infant Exposure to Caffeine in Milk as Defined by EI(Dose) and EI(Conc)*

Infant

ReferencePremature 1–3 mo 3–5 mo 5–6 mo

Weight (kg) 1 5 8 10
Infant Cls (ml�min−1�kg−1) 0.15 0.53 1.74 5.52 (33)
Mother is nonsmoker Adult Cls(ml�min−1�kg−1) � 1.2 (31)

EI(Dose) (mg�kg−1�d−1) 13.3% 5.4% 3.6% 2.9%
EI(Conc) (ug/ml) 108% 12.3% 2.5% 0.6%
V/� (ml�min−1�kg−1) 0.20 0.08 0.05 0.04 (126)

Mother is smoker Adult Cls (ml�min−1�kg−1) � 2.6 (31)
EI(Dose) (mg�kg−1�d−1) 6.1% 1.7% 1.1% 0.8%
EI(Conc) (ug/ml) 108% 8.5% 1.6% 0.4%
V/� (ml�min−1�kg−1) 0.20 0.06 0.03 0.03 (126)

EI, exposure index; M/S, milk to serum drug concentration ratio; Cl, clearance.
* Literature estimates of milk consumption and systemic clearance for infants and adults together with an M/S of 0.8 were used in Eqs. (5)

and (6).

Table II. Exposure Indices [EI(Dose) and EI(Conc)] for a Series of Drugs as a Function of Literature Estimates for M/S and Adult and Infant
Systemic Clearances*

Drug

Exposure
index

(Conc)

Exposure
index

(Dose) M/S
Adult Cls

(ml�min−1�kg−1)
Infant

age

Infant
Cl

ml�min−1�kg−1
M/S
ref.

Adult
Cl
ref.

Infant
Cl
ref.

Acebutolol 3.70% 9.30% 5.7 6.8 3–12 mo 17.08 (70, 71) (72) (73)
Carbamazepine 4.05% 3.42% 0.4 1.3 Term: 1–7 d 2.22 (49, 74, 75) (76) (77)
Erythromycin 0.44% 0.61% 0.5 9.1 Term: 1–7 d 12.5 (78) (79) (80)
Flecainide 1.98% 3.96% 2 5.6 1–3 mo 11.2 (81, 82) (83) (84)
Indomethacin 50.50% 3.96% 0.5 1.4 Term: 7–28 d 0.11 (85, 86) (87) (88)
Itraconazole 1.48% 0.77% 1.6 23 3–12 mo 12.03 (89) (90) (91)
Lorazepam 16.70% 3.53% 0.35 1.1 Term: 1–7 d 0.23 (92, 93) (94, 95) (96)
Metoclopramide 1.59% 3.40% 1.9 6.2 Prem: 7–28 d 13.3 (97) (98) (99)

1.92% 1–3 mo 11 (100)
Midazolam 1.34% 0.25% 0.15 6.6 Prem: 1–7 d 1.24 (101) (102) (103)

1.00% Term: 1–7 d 1.67 (104)
Omeprazole 0.12% 0.10% 0.07 7.5 3–12 mo 6.72 (105) (106) (107)
Theophylline 24.10% 11.10% 0.65 0.65 Prem: 1–7 d 0.3 (34, 108, 109) (110) (111–113)

25.80% Term: 1–7 d 0.28 (114)
21.90% Term: 7–28 d 0.33 (114, 115)
15.00% 1–3 mo 0.48 (114)

Valproate 1.59% 3.03% 0.03 0.11 Term: 1 d 0.21 (116–118) (119) (120)
1.11% 3–12 mo 0.3 (120, 121)

Zidovudine 6.39% 0.61% 1.44 26 Prem: 1 d 2.5 (89) (122) (123)
6.32% Prem: 1–7 d 2.53 (124)
2.13% Term: 1 d 7.5 (123)
1.47% Term: 1–7 d 10.9 (125)
0.84% Term: 7–28 d 19 (125)

M/S, milk to serum drug concentration ratio; Cl, clearance.
* Assumes V/� � 800 ml/day or 0.11 ml�kg−1�min−1 for a 5-kg infant. Fmaternal and Fneonate are assumed to be 1.
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decision to nurse must be framed differently. If there is reason
to believe that the potential exists for serious side effects, then
nursing should be suspended. If there is no overt toxicity, then
any risk to the child must be balanced against the benefit of
the therapy to the mother and the benefit of breast-feeding to
the child.

Though optimizing the timing of the maternal dosing and
infant suckling in order to minimize the infant exposure is a
laudable goal, it is usually impractical. In Fig. 2, the 24-h
plasma concentration time profiles for three types of drugs
are depicted in relationship to a nursing scheme of once every
4 h. If one assumes a rapid equilibrium between plasma and
milk (as is usually the case), the concentration profile in milk
would mirror the shape of the plasma but would be displaced
upward or downward depending on the M/S value. Hence, the
highest exposure in terms of infant dose would coincide with
peak plasma (or milk) concentrations. For drugs with a rela-
tively short half-life that may be given 3 or more times a day,
a nursing schedule that included nursing immediately preced-
ing a given dose would minimize exposure. However, for
those drugs that are administered once a day minimizing the
infant exposure by timing breast-feeding in relationship to
maternal dose administration appears pointless. Moreover,
inter- and intrasubject variation in maternal pharmacokinet-
ics (absorption, distribution, and elimination) as well as varia-
tion in the suckling behavior of infants would further compli-
cate the situation and make general guidelines on the issue of
timing fruitless and frustrating to patients. It would be more
rational and simpler to consider the exposure in terms of an
average dosing rate for drugs with longer half-life. A decision
to breast-feed should be based on this average exposure
rather than any complicated pharmacokinetic scheme. In that
light, the aforementioned exposure indices would appear to
be of considerable utility in the assessment of infant risk.

Metabolites

Another area of concern is the exposure of the infant to
active (or toxic) metabolites via milk (17,19). Most of these
metabolites are presumed to derive from the systemic circu-
lation rather than being formed in mammary epithelial cells

themselves (17,19). The drug metabolism capability of mam-
mary epithelial cells is largely unknown. The presence of ac-
tive metabolites may pose added drug exposure for the infant.
Again, caffeine is a good example because caffeine’s main
metabolites (paraxanthine, theobromine, and theophylline)
have considerable pharmacological activity. All of these me-
tabolites of caffeine are present in milk and their time course
follows that of plasma concentrations (34). Moreover, they
possess similar M/S ratios (ranging from 0.52 to 0.82), with
paraxanthine and theobromine present in comparable milk
concentrations that were roughly 10 times that of theophyl-
line (34). An estimate of total xanthine (caffeine and its three
major metabolites) would result in dose exposure that is 2.5
times greater than that of caffeine alone (34).

M/S Variability

Colostrum vs. Mature Milk

The composition and pH of colostrum (milk formed
within the first few days of lactation) are different from ma-
ture milk (10,35). Colostrum tends to be produced in smaller
volumes, and its pH approximates that of plasma. The total
fat content is 2.9 vs. 4.2 g/dl and total protein content is 2.3 vs.
0.9 g/dl for colostrum vs. mature milk, respectively (36). Me-
peridine M/S ratios were found to be lower in colostrum than
in mature milk (37). Morphine used as a postoperative anal-
gesic also showed an M/S ratio of 2.45 ± 0.8 (38) for mature
milk and <1 for colostrum (39). The higher M/S ratio in ma-
ture milk can be explained by partitioning of those drugs into
the milk lipid content, which is greater in mature milk com-
pared to colostrum. Thiopentone showed similar M/S ratios
of <1.0 for both mature milk and colostrum (40,41). To date,
there is insufficient evidence to indicate if the variability of
M/S ratios from colostrum to mature milk is significant in
terms of infant exposure. The clinical impact of this variability
is also determined by the nature of use of the drug if it is used
directly postpartum or not.

Fore- vs. Hind-Milk

Fore milk, which is the initial volume (approximately 10
ml) of milk expressed during a feeding, will have about half of
the fat content compared with hind milk (later milk) (42). A
group of tricyclic antidepressants (clomipramine, imipramine,
amitriptyline, and dothiepin) had a gradient increase of M/S
ratios from fore- to hind-milk, averaging from 1.0 in fore milk
to 1.5 in hind milk (42). M/S ratios increased with the increase
in fat content in fore milk and showed no correlation with fat
content in hind milk (42). Paroxetine M/S ratios varied from
0.056 to 1.3 depending on the aliquot of breast milk that was
assayed. Higher M/S ratios were found in hind milk (43). The
same results were found for sertraline and its metabolite des-
methylsertraline (44). These findings imply the greater expo-
sure of the infant upon consuming hind milk. However, the
clinical application of this observation would appear to be
impractical and very limited.

Time-Dependent M/S

Wilson et al. (17) have described the time-dependent na-
ture of M/S (i.e., discordance in the concentration vs. time
profile of drug in milk and serum) for a number of drugs and

Fig. 2. Concentration vs. time course for three drugs possessing iden-
tical steady-state concentration in milk, but are dosed in different
dosing intervals (once, twice and three times a day) to compensate for
differences in half-lives (24, 12, and 8 h, respectively). Arrows indi-
cate a nursing interval of every 4 h.
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the implications for conducting pharmacokinetic studies to
measure accurately this parameter. Though there may be con-
sequences of a time-dependent M/S for assessing infant ex-
posure (i.e., nursing when the ratio is lowest), interindividual
variation and other practical issues (see “Nursing vs. Dosing
Interval”) are likely to preclude the timing of nursing to co-
incide with the lowest M/S ratio for a specific situation. An
integrated M/S value derived from AUC measurements
would appear to be of greatest utility.

Intersubject Variation in M/S

Genetic and environmental differences can manifest
themselves in terms of interindividual variation in the M/S
values. Intersubject variability can arise due to variation in
milk pH or fat or protein content. Milk pH has been found to
vary from 5.47 to 7.84 and total lipid content from 1 to 24%
(45). Ionization of the drug in milk is affected by pH; in turn,
the un-ionized fraction available for equilibrium with plasma
varies. Lipophilic drugs would exhibit a higher M/S ratio
when milk has higher lipid content. The difference in protein
content may affect the binding of highly bound drugs. For
example, the interpatient variability for M/S values for selec-
tive serotonin reuptake inhibitors has been reported to ex-
hibit a coefficient of variation of 20–40%; with the range of
M/S values of 0.23–1.13 (n � 14) for fluoxetine (46), 1.14–2.55
(n � 8) for sertraline (47), and 0.9–2.6 (n � 7) for citalopram
(48). Coefficient of variation for anticonvulsants ranged from
about 12 to 25%. M/S values (mean ± SD) have been reported
for primidone (n � 12) 0.809 ± 0.09 (49), phenobarbital (n �
13) 0.36 ± 0.09 (50), and for carbamazepine (n � 16) 0.364 ±
0.087 (51).

Transporter expression was detected in lactating mam-
mary epithelial cells for OCT1, OCT3, OCTN1, OCTN2,
OATP-A, OATP-B, OATP-D, OATP-E, MRP1, MRP2,
MRP5, MDR1, CNT1, CNT3, ENT1, ENT3, NCBT1, PEPT1,
and PEPT2 transcripts (52). A more detailed discussion of
transporters expressed in lactating mammary epithelium has
been presented (53). For drugs actively transported into milk,
genetic variation in transporter expression could also alter the
amounts of drugs transported into milk, thus changing the
M/S ratio. Cimetidine and nitrofurantoin are both actively
transported into milk. M/S ratio determinations for cimeti-
dine in 12 patients reported a mean of 5.77 and a coefficient
of variation 21.5% (54). Nitrofurantoin M/S ratios showed a
coefficient of variation of 43.5% (55) even though the number
of subjects was small (n � 4). This wide range of variability
can make it hard to determine the actual infant exposure
depending on M/S values alone.

Clearance

Ontogeny of Clearance Pathways

The stage of development of clearance pathways will
have substantial impact on the extent of drug exposure for the
infant via milk. This is clearly delineated by the EI(Conc) pa-
rameter [Eq. (6)]. Alcorn and McNamara have discussed
many of the issues related to the ontogeny of properties as-
sociated with pharmacokinetics in the infant (56–58). Equa-
tion (6) includes bioavailability and systemic clearance in the
newborn as determinant parameters of EI(Conc). Bioavailabil-

ity is generally reduced in the newborn, which would lower
the systemic exposure in the suckling infant. It should be
noted that diminished bioavailability may increase the risk of
GI toxicity. Diminished systemic clearance in the infant
would result in increased exposure [EI(Conc)] and is usually
the focus of concern.

One problem in attempting to use EI(Conc) effectively as
an exposure assessment tool is the lack of information relat-
ing the clearance of the drug of interest to the specific age of
the exposed infant. Ethical concerns constrain the widespread
assessment of pharmacokinetics in very young children, un-
less there is a legitimate therapeutic use of the agent in the
child. Though the intended exposure of the infant to drugs
may be limited, drugs in milk could expose the infant to most
prescription and OTC drugs. Moreover, a detailed examina-
tion of the pharmacokinetics of a given drug at various stages
of development during the first year of life (i.e., usual lacta-
tion period) is even less likely. Alcorn and McNamara (57)
have applied the classification system of Cresteil et al. (59)
used to describe the CYP (cytochrome P450) family of drug
metabolizing enzymes to all major routes of clearance in the
infant (renal clearance as well as oxidative and conjugative
hepatic enzymes). If this general ontological model is vali-
dated, then it might be possible to predict the changes in
clearance in the infant in the absence of experimental evi-
dence. Figure 3 illustrates the application of this approach to
model EI(Conc) for three hypothetical drugs with numerically
similar clearance values in adults, but which are governed by
different clearance mechanisms. One drug has a clearance
mechanism that exhibits a fetal development pattern, where
the clearance pathway (on a body-weight basis) is close to
that of the adult even at birth. For this type of drug, EI(Conc)

would be low and relatively comparable to EI(Dose). EI(Conc)

would change very little as the infant matures. This is a pat-
tern one might see with drugs whose principal route of elim-
ination is glomerular filtration or sulfation. The early neona-
tal profile drug would exhibit a clearance that is 25% of adult
at birth (again on a body-weight basis) that reaches approxi-
mately 60% of adult values by the end of the first year of life.
Substrates of CYP2D6, such as a number of antidepressants
including selective serotonin reuptake inhibitors (SSRIs)
(60,61), would be examples of drugs exhibiting this profile.
EI(Conc) would track the inverse of the clearance maturation
slowly diminishing as the infant reaches the first year of life
(Fig. 3). The third type of drug, neonatal, has less than 5%
activity or clearance relative to the adult at birth and may
reach 40% of adult clearance at the end of one year (Fig. 3).
Again, EI(Conc) would be inversely related to clearance with
very high levels at birth that diminish with time. This is a
pattern one might see with substrates of CYP1A2, such as
caffeine (see Table III). Clearly, this is a simplified model that
assumes that the patterns of clearance are the same in infants
and in adults. Moreover, it assumes that all of drug clearance
is associated with that one pathway. Nonetheless, it does pro-
vide insight to the relative extent of exposure for different
drugs and may provide further guidance in drug selection for
the lactating woman.

Transporters play an important role in drug clearance
and distribution throughout the body. However, the knowl-
edge about the ontogeny of transporters in neonates and in-
fants is scarce (56), making it difficult to assess their role in
neonatal clearance.
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Pharmacogenetics

Polymorphic expression patterns for a number of drug-
metabolizing enzymes (CYP2D6, CYP2C9, CYP2C19,
NAT2, and others) contributes to the wide intersubject vari-

ability in the pharmacokinetics of a number of drugs (62). The
impact of pharmacogenetics on drug exposure via lactation
has received limited attention in the literature (63). The most
well characterized polymorphic drug metabolizing enzyme is
CYP2D6 (62). CYP2D6 metabolizes a large number of drugs
including antidepressants, antiarrhythmics, neuroleptics, and
opioids. The highly polymorphic profile of CYP2D6 has ex-
tensively been characterized (62,64).

Many of the SSRIs are substrates for both CYP2D6 and
CYP2C19 (Table IV), and their use to treat depression in
lactating women has received considerable attention (46–
48,65–67). The role of pharmacogenetics differences on the
transfer of SSRIs to the infant has not adequately been ad-
dressed. EI(Conc) predicted by Eq. (5) using literature esti-
mates for M/S and adult clearance values was in good agree-
ment with that determined in the individual studies (Table
V). However, the mean data in Table V does not adequately
reflect the intersubject variability. If the mother is a poor
metabolizer (PM) phenotype of CYP2D6, it is likely that the
EI(Dose) will be substantially higher than the values in Table
V. If on the other hand the infant is a PM of CYP2D6, then
the resulting EI(Conc) would likely be very much higher than
that of infants that are efficient CYP2D6 metabolizers. This
may be of particular concern for those SSRIs that are me-
tabolized by CYP2D6 (fluoxetine, paroxetine, sertraline, and
venlafaxine). By contrast, CYP2D6 polymorphism is likely to
be less of an issue for fluvoxamine and citalopram; however,
these SSRIs are predominantly metabolized by CYP2C19,
which exhibits its own polymorphic pattern. Even in the most
thorough of studies characterizing the SSRI transfer into in-
fants, the number of infants is typically less than that which
would be required to detect the impact of a PM on the overall
clinical outcome. The deficiency of the CYP2D6 enzyme is an
autosomal recessive inherited trait with 7% of Caucasians and
1% of Orientals classified as PMs (64). The incidence of
CYP2C19 PMs is much higher in Asians (15–30%) than in
Caucasians (3–6%) (68). The role of pharmacogenetics on
drug exposure via lactation needs further consideration.

Fig. 3. Exposure indices [EI(Dose) and EI(Conc)] as a function of infant
age. Simulations assume an M/S value of 1, the milk consumption rate
(Vmilk/�) from Fig. 1, a maternal systemic clearance (Clsystemic

maternal) of 2
ml·min−1·kg−1, and the developmental patterns (fetal, early neonatal,
and neonatal) for infant systemic clearance (Clsystemic

infant . The develop-
mental clearance patterns are adapted from Refs. 57 and 58 and were
expressed as a fraction of adult clearance values (ml·min−1·kg−1).
Symbols include: CYP, isoforms; ST, sulfotransferase; GST, glutathi-
one-S-transferase; UGT, uridine 5�-diphosphate-glucuronosyltrans-
ferase; NAT, N-acetyltransferase; GFR, glomerular filtration rate;
TS, tubular secretion.

Developmental
pattern

Dominant Cls pathway

Cytochrome P450s Phase II Renal

Fetal CYP3A7, CYP4A1 ST*, GST* GFR
Early Neonatal CYP2D6, CYP2E1 UGT*, NAT
Neonatal CYP3A4, CYP2C,

CYP2B, CYP1A2
TS

* Isoform specific.

Table IV. Metabolic Pathways, Pharmacokinetic Parameters, and M/S Ratios for Selective Serotonin Reuptake Inhibitors Derived from
the Literature

Parent Active metabolite

Cytochrome P450 isozymes (60, 61)
Pharmacokinetics

(127) M/S

CYP2D6*† CYP3A3/4† CYP1A2† CYP2C19*
Cls/F

(ml�min−1�kg−1)
fe

(%)
fu

(%) M/S References

Citalopram + + ++ 4.3 10.5 20 1.88 (48, 128, 129)
Norcitalopram ++ 1.80 (48)

Fluoxetine +++ + ++ 2.6 2.5 6 0.80 (24, 46, 130)
Norfluoxetine +++ ++ ++ 0.59 (46)

Fluvoxamine + ++ +++ +++ 21.4 5 23 0.95 (131)
Carboxy acid NA NA NA NA

Paroxetine +++ + 8.6 2 5 0.51 (66, 132, 133)
M2 metabolite +++

Sertraline ++ ++ 38 1 2 1.90 (47, 134)
Norsertraline +/++ 1.64

Venlafaxine ++ + 22 4.6 73 3.03 (67, 135)
O-desmethy

venlafaxine
++ 2.76 (67, 135)

M/S, milk to serum drug concentration ratio; NA, not applicable.
* Polymorphism.
† Substantial ontogeny pattern.
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Strategies To Minimize Exposure

Banta-Wright (13) and others have discussed approaches
to minimize infant exposure and risk. Some of the proposed
strategies include avoiding nonessential medication, alterna-
tive routes of administration (e.g., inhaled bronchodilaton),
avoiding peak drug concentrations, maternal dosing prior to
longest period of infant sleep, and other strategies (13,69).

The previous discussion of infant exposures would sup-
port other strategies that have been suggested by others as
well. When selecting pharmacotherapy, consideration might
be given to those agents with the following properties:

● Therapeutic window: Selecting drugs with a wide
therapeutic window would likely serve to minimize ad-
verse events in the infant.

● M/S ratio: All other factors being equal, select a drug
with the lower M/S ratio. These tend to be hydrophilic
anions with extensive plasma protein binding.

● Adult clearance: The greater the systemic clearance,
the lower the EI(Dose); hence, selecting high-clearance
drugs will minimize exposure.

● Ontogeny of the clearance pathway: Those agents
whose clearance pathways are well developed in the
infant (i.e., fetal profile). For example, those drugs
that rely on glomerular filtration in the kidney or sul-
fation as a means of elimination.

● Pharmacogenetics of clearance pathway: Because it is
unlikely that the infant will be screened for a specific
genotype, those agents whose clearance is dictated
largely by a polymorphic pathway (e.g., CYP2D6)
should be avoided.

CONCLUSIONS

The benefits of breast-feeding for the infant and the
mother are clear and compelling. The presence of drugs and
other chemicals in milk can pose a dilemma for mothers and
health-care workers. Virtually every drug administered to the
nursing mother will find its way into the systemic circulation
of the suckling infant. Hence, the question is not whether or
not but how much drug is present and whether that size of
exposure presents a risk to the infant. One crucial determi-
nant of accessing risk is clearly the relative safety of the drug
in question. For many drugs, the limited exposure of the in-
fant to drug in milk is of no consequence. For others, this risk

may be theoretical, but limited; and for a few drugs, such
exposure may pose a significant health risk. The presence of
active metabolites and the timing of nursing relative to ma-
ternal does need to be considered when addressing infant
exposure. Issues of intersubject and intrasubject variation in
M/S (e.g., colostrum vs. mature milk, fore- vs. hind-milk) and
in infant clearance (e.g., ontogeny of elimination pathways,
pharmacogenetics) play a role in modulating exposure.

In the current analysis, the relative value of expressing
exposure on the basis of dose or concentration relative to
maternal exposure is presented. EI(Dose) is largely a function
of M/S and maternal systemic clearance and bioavailability,
whereas EI(Conc) is a function of M/S and infant systemic
clearance and bioavailability. EI(Dose) is the most readily es-
timated from typically available data, as maternal systemic
clearance is known. However, it only reflects the amount in-
gested and not the actual amount reaching the systemic cir-
culation, which is directly related to any toxic effects that
might occur. It can be very useful if compared to therapeutic
doses in the infant if available. EI(Conc) is more difficult to
estimate because systemic clearance in newborns and infants
is usually unknown, but it is more clinically relevant because
it reflects the actual systemic concentration in the infant.
More studies need to be done to estimate or predict systemic
clearance in infants. Models that predict the ontogeny of
clearance pathways (57) may have practical utility in estimat-
ing EI(Conc) for those drugs whose pharmacokinetic fate in
the infant is unknown.
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